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INTRODUCTION
The procedure developed by this Laboratory for removing oily residues and/or sea water contamination from surfaces (1-10) uses an emulsion cleaner which can actively displace even Navy Special fuel from solid surfaces and at the same time dissolve salt deposits. The action of the cleaner is assisted by ultrasonic agitation whenever posslbie. After being cleaned, the equipment is ultrasonically rinsed in a tank of fresh water, the water is displaced by treatment with the NRL water-displacing fluid and preservative, and finally the equipment is oven dried at a modest temperature. After an electrical check for proper operation and replacement of defective components, the equipment is ready for service.
This salvage system (10) was used on a large scale to recondition electrical and electronic assemblies damaged by smoke, soot, sea water, and corrosive vapors during the fire on the aircraft carrier USS CONSTELLATION in December 1960. Since then the recovery system has been used extensively in governmental agencies for salvage of contaminated equipment and for routine cleaning of electronic equipment, teletypewriters, missile components, etc. The details of this method are outlined in the -Appendix to this report.
If the salvage procedure is used on equipment damaged by flood or fire soon after the exposure, corrosion on the equipment is held to a minimum and removal of the products is routine. However, days or weeks often elapse after the equipment is damaged before salvage treatment can be started. During this interim, components may have corroded extensively; often it becomes necessary to introduce another step in the salvage process in order to satisfactorily renovate the equipment. The mild cleaners used in the removal of oily contaminants and sea water from sensitive electronic gear will not remove many of the corrosion products encounterea; more active chemical cleaners are required. Because certain parts of electronic or electrical equipment will not tolerate aggressive cleaning agents, complete assemblies containing these components cannot be treated with such solutiorns. Some method for localized corrosion removal is called for; thickened "palnt-on' cleaners &,hich will not spread from the point of application offer a solution to the problem. Thickened paint removers have been commercially available for many years (11) (12) (13) , but paint-removing chemicals are ineffective agýdnst corrosion products, and the thickeners usually employed in such compositions are not compatible with the chemicals required for rapid corrosion removal. The present work was undertaken to develop thickened corrosion removers for spot application to equipment as a preliminary step to the use of the integrated salvage procedure developed previously.
Thickened aggressive cleaners
,,ld as far as possible meet the follwing requirements:
1. When applied to a vertical surface, the compositloha should be retained in a stable layer about 1/8 in. thick, without slipping or excessive bleeding (syneresls) of the liquid phase.
The liquids should react with the corros'on product at normal temperatures and modify it so that the resultant material can be flushed from the equipment with unheated water.
3. All traces of the cleaner should be easily removed by flushing with unheated water. 4 . The thickened cleaner composition should be stable for short storage periods.
The work reported here was concerned with corrosion on aluminum, copper, brass, steel, magnesium, silver, cadmium plating, and zinc galvanizing coatings. Each requires a distinct formulation for optimum cleaning action. In order to simplify stocking these clearers ar attcmp! was made to use solid reagents wherever possible in the formulations and to keep the number of liquid acids required foz the formulations to a minimum. A single thickener was sought which could be used in all formulations. Also, the number of surfactants and inhibitors was kept as low as possible.
DEVELOPMENT OF THICKENED AGGRESSIVE CLEANERS
The laboratory study showed that the essential components of thickened corrosion removal agents include: (a) acidic compounds that will react with the corrosion on the metal surface, (b) an inert thickener, (c) 2 ý,urfactant (wetting agent) to enable quick and complete wetting of the corroded area, (d) an inhibitor to curtail reaction when the corrosion product is destroyed and clean metal is exposed, and (e) a diluent (such as water) to adjust the cleaner to the opUmum strength and render it compatible with flushing water.
Acids such as sulfamic, citric, glycolic, oxalic, hydrochloric, phosphoric, sulfuric, and nitric were found to react u., fully with corrosion products of the metals studied, the specific choice depending upon the metal to be cleaned. (Many alkaline cleaning combinations were studied, but none of them reacted rapidly enough to be useful for this type of uppLcation.) A variety of chemical combinations were studied in order to develop suitable fe•rnulas for removing corrosion from the metals most often utilized in the construction of naval eiuipment. Individual components and their combinations were evaluated on corroded nietal specimens, until a formulation was found that would remove heavy corrosion in less thtan 5 minutes at room temperature. The metals were corroded by exposing them to sea u.,ter spray at room temperature until a heavy coating of corrosion product was obtained.
The thickener-to-liquid ratio in a suitable paint-on type Aggres.sive cleaner should be the lowest that will permit the composition to meet the requirem.nts listed above. Thickeners were first studied to determine their effectiveness in thickening water, an alkaline solution, and an acid solution. The relative effectiveness of each potential thickener was evaluated by determining the quantity of fluid thickened by 1.0 g of thickener to the consistency of a thick paint (Table I) . (The consistency implied by the term *thick paint* here corresponds to an apparent viscosity between 4500 and 12,500 cp at 12 rpm and between 3800 and 9000 cp at 60 rpm in the Brookfield viscometer. The system is nonNewtonian.)
The best thi-'"-ner found for acidic solutions was of the fumed silica type represented in Tables I a C Cal -0-Sil M-5. This was found to be a satisfactory thickener for all of the cleanea L rations developed. The thickening effect of Cab-O-Sil M-5 in acid solutions is given in Table 2 . Weaker acid solutions did not change the thickening characteristics of the thickener to any great extent.
The surfactant to be used in each formulation was chosen by trial to give quick wetting and penetration of the corrosion products Jor which the fL., -. r-lation was designed. It was also selected for its ability to maintain its activity for several days in the presence of the acids employed. No attempt was made to evaluate all of the surfactants (wetting agents) available for study. From the readily available products surfactants were selected which would be stable in specific metal-cleaning formulations. Those finally chosen are given in Table 3 . Inhibitors of acid attack on clean metal are widely used in metal cleaning and boilerscale removal. Those examined for use in thickened cleanters had been found effective in general metal-cleaning practice (14) (15) (16) (17) (18) . The inhibitors chosen are commercially available chemical compounds rather than proprietary products of unknown or uncertain composition. The names of the inhibitors chosen appear in the formulations listed in Table 4 .
Acid-inhibitor effectiveness was determined by observing the reduction the inhibitor produced in the rate of attack of the cleaner on bare metal surfaces. The inhibitor had to permit tht destruction of the corrosion coating on the metal specimen but inhibit altack on the underlying metal. (The removal of the corrosion on cadmium plate and zinc plate usually resulted in the partial destruction of the plate, requiring surface repairs which will be discussed later in this report.) Thickened cleaners were formulated from the ingredients discussed above, and the effectiveness of each formulation was evaluated by preparing corroded panels of the metals under study and then painting small ribbons o; the thickened cleaner on the corroded panel. After waiting a maximum of 5 minutes, the panel was flushed with unheated tap water. The effectiveness in removing the, corrosion products was observed by comparing the corditior. of the cleaned area with that of the area untouched by the thickened cleaner.
Of the many chemical formulations studied, those listed in Table 4 showed enough promise to justify study under field conditions. Sich a study was difficult. however, because present Navy practice with electromc or electrical '-quipment which has corroded sufficiently in service exposures to provide a severe test of the aggressive cleaners described here would be to discard the material as worthless and not return it to a maintenance depot for reconditioning. In consequence, it has been diffic At to arrange for sigmficant field testing of the methods and materials developed in the laboratory. To bridge this gap, simulated field tests were devised.
A number of representative items of surplus equipment wire exposed to weather and to sea water spray to corrode the different metals to a state in which the use of the equipment would be considered impossible. These components were then spot cleaned with the appropriate paint-on type cleaning formulation (Table 4) . This treatment was then followed by the routine salvage cleaning and drying procedures (10) summarized in the A4pendix. See Figs. 1, 2 , and 3 for before and after comparisons.
It is concluded from these studies that heavily corroded electrical equipment, bar switches, reays, mounting racks, etc., and mechanical equipment, tools, etc., constructed mainly of brass, copper, and steel can readily be cleaned and returned to useful service. Delicate electrical, mechanical, and electronic equipment having mainly magnesium and alurnin•tm structural elements deteriorates rapidly when exposed to sea water and the weather. This damaep is sometimes so extensive that recovery of the equipment is inadvisable except in an extreme emergency. Onthe other hand, if corrosion of the aluminum and magne-iidm parts has not weakened the gear structurally, it may be cleaned with the aggressive paint-on type cleaners and then carried through the usual salvage treatment (10) described in the Appendix.
MIXING AND USE OF THICKENED CLEANER FORMULATIONS
Mixing
The lormulations consist of two parts: (a) a number of dry solids which can be mixed and stored in compact form until the time of use, and (b) one or more of four common mineral acids which are to be diluted in water and used to dissolve or disperse the solids. Certain safety precautions must be observed in the mixing and use of these cleaners. The liquid ingredients are listed in Table 4 in the order in which they should be added to the vessel containing the solid ingredients. The liquids must be added in this sequence to prevent possible spattering of strong acid during mixing. Always pour acid in small installments into the total amount of water called for.
The aggressive cleaners attack skin or clothing as well as the corrosion products on metallic surfaces. The vapors given off by some of these cleaners when they are applied to corroded surfaces are toxic. For these reasons, such cleaners should be used only in regular maintenance depots or where safety facilities exist. Personnel should wear safety goggles and protective clothing such as rubber aprons and gloves. All work of mixing formulations, applying thickened cleaner to corroded surfaces, as well as the flushing of cleaner and corrosion from equipment, should be carried out in a well-ventilated area where fumes will be drawn away from the worker. Once these formulations have been mixed, they should not be closed in unvented containers. Freshly mixed formulations are more reactive than the same preparations after they have stood in equilibrium with air for several weeks, so only the quantity needed for a week's work should be mixed at one time. The vented containers should be stored in a mechanically ventilated area. Glass or polyethylene containers are suitable for short-term storage of the formulations described.
Use
The aggressive thickened paint-on type cleaners are used as follows:
1. Identify the corroded metal and selec.t the appropriate cleaner.
2. Carefully apply the thickened cleaner to the corroded metal surface with a brush.* 3. Within a few minutes (not over 5) flush the thickened cleaner and corrosion residue from the surface with fresh water. If all the corrosion has not been removed, the cleaning process should be repeated on resistant areas. (Once the thickened cleaner has been flushed from the equipment, the latter can be safely handled while subjecting it to the recovery process.) 4. Clean the entire equipment by the method developed by this Laboratory for recovering flooded equipment. This method is fully described in references 4, 5, and 10, and it is summarized in the appendix to the present report.
If zinc or cadmium plate is corroded extensively, the aggressive cleaner frequently removes most of the plating, thus leaving the steel area unprotected against further corrosion. The appearance of the zinc-or cadmium-plated steel can be improved and the steel can be protected against further rusting by treating it with a wash primer (19), then applying two coats of the corrosion-inhibiting primer (20) and two coats of the lacquer (21). The surface renovation process should be performed only after the entire equipment has been subjected to the recovery process through the drying cycle (step 4 of the Appendix).
Aluminum and magnesium alloy components are often badly scarred by corrosion. The physical appearance of this salvaged equipment can be improved by treating the aluminum with alcoholic phosphoric acid, drying, and then painting immediately with a zinc chromate primer such as that supplied under specification Mil-P-8585A (20). Two coats of primer should be used, the second after the first is thoroughly dry. These should be followed by two coats of lacquer such as that supplied under specification Mil-L-8641A (21). The clean magnesium (if it was not too badly deteriorated before salvage) should be treated with an aqueous solution of nitric acid and sodium dichromate, rinsed with water, dried, and immediately treated with awash primer such as that supplied under specification M-I-P-15328B (19). This should be followed with two coats of tue corrosion-inhibiting primer (20) and then two coats of the lacquer (21).
CONCLUSIONS AND RECOMMENDATIONS 1. Corroded equipment can often be salvaged by using the thicaened paint-on type aggressive cleaners described here prior to application of the routine salvage system. 2. It is recommended that the information contained in this report be made available to maintenance depots throughout the Department of Defense for use in the recovery of corroded equipment.
